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ABSTRACT

Biomass Enhancement in Chlamydomonas reinhardtii
using Steady C/N Ratio Microfluidic Perfusion
Bioreactor, Vibrational Stress Priming, and Malate

Synthase Expression

Sang-Min Paik
Interdisciplinary Program for Bioengineering
The Graduate School

Seoul National University

Microalgae, a photosynthetic microorganism, has recently attracted attention as an
effective resource for both renewable energy and food security. This is because
sequestration of more CO, and composition of more nutrition than terrestrial plants
help microalgae mitigate climate change and secure food shortage in the future.

Therefore, efficient process operation on microalgae cultivation is of importance. In



this dissertation, three strategies were developed and applied to enhance microalgal
biomass productivity with less time and cost at large-scale.

The first one is cultivation with steady unbalanced C/N ratio. Microalgae-
derived secondary metabolites include antioxidants (lutein, astaxanthin, etc) and
neutral lipids (TAG), most of which are useful substances. These substances are
produced in cells cultivated in a nutrient-depleted environment. In order to improve
total productivity, increase in microalgal biomass should be accompanied well with
increase in intracellular content. Thus, traditional nutrient depletion method can no
longer be viable drastically constraining cellular growth. Recently, cultivation with
unbalanced C/N ratio has been reported to increase biomass at a certain level
simultaneously with TAG content increase. However, because batch process also has
depleted nutrient over time, this method has the same limitations for enhancement
of total products yield as traditional methods. In this study, continued supply of low
concentrations of nutrients with the maintenance of unbalanced C/N ratio was
proposed to enhance secondary metabolites production A microfluidic continuous
perfusion system was designed and tested to culture microalgae, Chlamydomonas
reinhardtii, under constant nutrient concentration slightly lower than normal
condition with high C/N ratio. When cultured in 7.5%/7.5% of NH," /PO,*, C.

reinhardtii showed a 2.4-fold increase in TAG production with a 3.5-fold increase
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in biomass compared to level obtained under an only NH," depleted condition. This
is because nutrients continue to be supplied in small quantities without depletion of
nutrients. Maintaining the unbalanced C/N ratio can improve the total TAG
productivity by increasing the biomass.

The second is cellular stress response preparedness against turbulence in
bioreactors. Turbulence agitates all the nutritional components for cellular
proliferation. However, severe hydrodynamic shear fields by the turbulence
decreases cell viability that detrimentally influence maximum yieldable biomass.
Vibrational wave treatment has been used to increase proliferation of microalgae.
When directly applied at large scale, however, it costs much setting up massive
vibration generating system, and turbulence can offset positive effects of vibration
on microalgae proliferation. Stress priming is the phenomenon that primed cells with
activated stress response by milder stress can prepare themselves for harsh stress and
exhibit greater survival rate. In this study, vibration pretreatment (between 10-30 Hz
and 0.15-0.45 G) was used to prime the cells for enhanced biomass. When exposed
to 10 Hz at 0.15 G for 72 h and inoculated in baffled flasks of large shear fields
(0.292 Pa for the average wall shear force (aveWSF) and 184 s* for the average
shear strain rate (aveSSR)), microalgae showed 27% increase in biomass as well as

39% increase in corresponding amount of heterologous protein (i.e. GFP-3HA). The
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level of TRP11 transcript was increased both at vibration treatment and at shaking
cultivation. Ca*-signaling pathway closely relates with stress response. In plants,
calmodulin (CaM)-binding transcription factor (CAMTA) is involved in expression
of CBF/CREB1 master transcriptional regulator under stressful conditions. Although
Ca**-signaling pathway in Chlamydomonas has not yet been studied in detail, our
results show that stress primed microalgae with vibrations can lead to improved
proliferation that results in increased biomass production at industrial scale
bioprocesses.

Last but not at least, cellular metabolism itself could be additionally
activated by malate. Malate has a close relation to biomass increase. High uptake of
malate leads to biomass increase, reducing non-growth associated coefficient
(maintenance energy). In addition, in plants, efficient distribution of intracellular
malate to organelles was also elucidated to relate to biomass. Redox balance,
especially in chloroplast, is carried out with reducing equivalents such as NADPH.
Because its pool should be tightly regulated to maintain its capacity, intermediate
metabolite, malate, play a role as an high potential energy carrier without disturbing
reducing equivalents pool, and the malate is exported to other organelles. In this
study, transgenic Chlamydomonas expressing malate synthase in chloroplast was

developed. Stable expression of malate synthase enables malate production in
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chloroplast and distribution of more malate could be carried out in the transgenic
cells. Transgenic Chlamydomonas under glyoxylate treatment showed 19% more
increase in microalgal biomass than wild-type. By RNA analysis, the levels of malate
dehydrogenase (MDH4) in TCA cycle, acetyl-CoA synthetase (ACS3), and isocitrate
lyase (ICL1) and malate synthase (MAS1) of glyoxylate shunt, were significantly
more expressed, which was consistent with reported metabolic flux analysis of
heterotrophic cultivated cells. More meticulous analysis are necessary, but, in the
transgenic microalgae with malate synthase overexpression, the metabolism is likely
to more rely on energy production via TCA cycle and glyoxylate cycle than on

photosynthesis, resulting in increase in microalgal biomass.

Keywords : Microalgae, Microalgal Biomass, Triacylglycerol, Microfluidic

Perfusion Bioreactor, Stress Priming, Malate Synthase
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Chapter 1

Research Background and Objective



Today’s rapid population increase [1] has increased pressure for higher food
productivity; however, crop yields are reported to decrease by 10-20%. Constraints
from climate change and social regulation of livestock rearing also have hindered
food producers from meeting global demand for food [2]. Plant-based foods have
been proposed as an alternative to regular animal food consumption [3] because they
require less water and have more nutrients than that of meat-based foods. In view of
sustainable development goals (SDGs), however, plant farming has limitations
because it needs more arable land and longer periods of cultivation which is not
sustainable anymore [4].

Photosynthetic microalgae have recently been proposed as a resource for
food security. They sequester more carbon dioxide, grow at high rates, contain
abundant nutrition, produce value-added co-products, and can thrive in marginal
lands, all of which are environmentally sustainable [3]. Therefore, microalgae can
contribute to securing the food supply for the world while maintaining carbon
neutrality. In this dissertation, three strategies were introduced to yield more
microalgal biomass: i) continuous low concentration of nutrients at steady high C/N
ratio, ii) vibrational stress priming against turbulence by agitators, and iii)

chloroplastic malate synthase expression-associated metabolism.



Recently, demands for secondary metabolites such as antioxidants,
antibiotics, and nutritional additives have markedly increased. These secondary
metabolites, however, are produced in the cellular stationary phase, and in that phase,
nutrients may become mostly depleted, and cells cannot proliferate. This trade-off
relationship between cell growth and secondary metabolite productivity
consequently results in a decrease in the total amount of metabolites produced. This
nutrient depletion is the major drawback for the total yield of secondary metabolites
[5-7].

Turbulence in large-scale bioreactors is necessary to agitate all the required
components in the media for cellular proliferation such as oxygen/carbon dioxide
and nutrients to increase the biomass. Apparatuses like stirring panels, agitators, or
a baffled block in large-scale bioreactors also help prevent microbes from clustering
or settling down. However, the turbulence can give rise to hydrodynamic shear force
fields leading to lower a cellular viability, which means that cells should be able to
endure such harsh conditions [8].

Malate can function both as a growth inducer and as a redox balance
mediator. Extracellular malate promotes growth-associated parameters exhibiting
biomass increase. Intracellular malate can balance redox states of chloroplast or
mitochondria by transferring energy from reducing equivalents such as NADPH or

3 ]



NADH that are essential metabolites for catabolism or anabolism [9,10], because
these pools should be tightly regulated to maintain its capacity in each organelle.

From an engineering view point, such malate could enhance microalgal biomass.

The objectives of this study were as follows.

«  Todemonstrate that a continuous, stable flow of low concentration nutrient
medium at steady high C/N ratio enhances the total secondary metabolites

productivity

» To verify that vibrational stress priming based on the innate characteristics

of the microalgae contributes to turbulence endurance and biomass increase

e To develop transgenic microalgae expressing malate synthase in

chloroplast to upregulate primary metabolisms



Chapter 2

Literature Review



2.1 Earthcare with Sustainable Development Goals (SDGs)

2.1.1  Global Warming

Many climate change researchers have said that the use of fossil fuels since industrial
revolution in the 19" century has promoted global warming. Fossil fuels are energy-
potential buried carbon sources. Burning fossil fuels not only generates much heat
energy but also emits a substantial amount of carbon dioxide (CO2) as an oxidized
byproduct. The accumulation of anthropogenic CO; recently reached 400 ppm.
Because CO; has thermodynamic features in confining heat, it accelerates global
warming over time and induces many social and environmental issues including
increased global temperatures, rising sea levels, and changing climates in the form
of extreme weather such as droughts, heat waves, heavy snowfall and heavy rainfall
with floods as well as ocean acidification. The collapsed carbon balance and climate
change have gained a large inertia. IPCC [11] and UNFCCC [12] that in the case that
the global temperature increases by over 2 °C, nothing could solve these issues, and
the consequences will persist for decades, centuries, or even tens of thousands of
years to come. This has made people focus on various methods to reduce the level

of CO..



2.1.2  Population Increase and Food Insecurity

The United Nations Department of Economic and Social Affairs (UN DESA) [13]
published a report saying that the global population could be as high as 10 billion by
2050. In the Global Agricultural Productivity (GAP) report [1], the rapid population
increase is expected to cause serious issues in food security. To ensure an adequate
food supply for the world, food production should be boosted by 70% [2]. Even
though the global food demand has continued to increase, numerous growing
constraints due to climate change and human activity have hindered food producers
from meeting the demand. Moreover, recently, regulations limiting animal food
consumption have been ongoing. This is because meat consumption could lead to

unavoidable negative issues related to human health and the environment [4].

2.1.3  Plant-Based Food for Sustainable Development Goals (SDGs)

To solve both global warming and food insecurity caused by the increase in the
population, sustainable development is needed to harmonize human society with
nature. Green technology is regarded as technology with sustainable development
goals (SDGs). Among these technologies, there are energy technology (renewable

7 -:l."i . I_;-



energy), environment technology (bioremediation), and agriculture technology.
Unlike others, CO,-utilized food production from agriculture technology can
contribute to secure the food supply for the world while maintaining carbon
neutrality.

In view of the SDGs, photosynthetic crops have been given much attention
as an alternative to animal-based food. Photosynthesis is a mechanism where
atmospheric carbon dioxide (CO-) is converted to glucose and water under light.
Plants have a similar protein composition and larger quantity of carbohydrates than
that of meats. Therefore, plant-based foods have been proposed as an alternative to
regular animal food consumption [3,14-18] (Table 2.1). Considering today’s rapid
population increase and the consequent food security problem, however, it is likely

that plant farming could have limitations and is not sustainable anymore [4].
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2.2 Microalgae

2.2.1  Microalgae as Food Resource

Photosynthetic microalgae have recently been proposed as a resource to solve the
problem that the world will face in supplying enough food and animal feed.
Microalgae have abundant macronutrients and micronutrients (i.e., the necessary
vitamins, iron, and dietary elements); they grow fast enough such that all countries
could get more plant-based products but with less labor and costs; they can be farmed
with a high productivity of 20-40 g m? d* and potentially use only 300 times smaller
areas of arable land than that of plants and a small amount of fresh water (Table 2.2);
they can help to mitigate climate change with a 10 to 30 times higher CO; capture
capacity (180 g CO; to 100 g biomass) than that of plants, all of which are

environmentally sustainable [3,16,17,19-21].

2.2.2  Microalgae Cultivation Process

There are two types of industrial scale microalgal production systems: an open
raceway pond (ORP) and a closed photobioreactor (PBR). A PBR is a batch

bioprocess that controls cultivation variables (i.e., temperature, pH, inorganic or

10 J‘ CH



organic CO2, and macronutrients including nitrogen (N) and phosphate (P) sources
or microelements concentration) [21] (Table 2.3). The PBR can be operated based
on a specific mathematical model that predicts the best yield and productivity of the
microalgal biomass or microalgal metabolites when scaling up the process. This is
why optimizing the microalgal culture environment in batch processes can be not
only more useful but also more profitable in the microalgal industry. When it comes
to lipid production from microalgae, while ORP produces a biomass of 6.8 £ 3.0 g
m2 d* with a lipid content of 20 + 5% and costs 109$ gal™, PBR produces a biomass
of 9.3 £ 2.0 g m? d* with a lipid content of 40 + 10% and costs 77$ gal™, which is

economic competitive [16,17,21] (Table 2.4).



(et pjay)

12

20 9€-871 sselBUyIIMS
(sdouo) 9v8 - vz
(e pray)
-1 -1l snajuebib snyjuedsiy
(uononpoud
. o J0 sarel abieJane ‘|e104aWWO09)
G0 06-57 (eaidsoayuy) eurjnuids
(sebjeosolw) g% - 0°2
. (uononpoud Jo sajel
0¢ Le-dc aBelane ‘[e1a1awwod) e|jaJojyd
. ] AAnonpold jebeoloiw
0 va-Lc uaa.B a[eas-|[ews 4o g
- sisayjuAsoloyd
01-8 001 Jo Auanonpoud [eanaioayL
(%) (wnuwixew
(ey IN) A2UBID1JJ3 UOISISAUOD [e2112108L JO 0%) $$920.d/s319adS
papasu ea.e pue] ABiaua 10npo.d-01-1e]0S Auanonpoud

[TZ-6T ‘2T-9T ‘€] 'S319UBIO1443 UOISISAUOD JB|0S PUB S3IAIINPOId d138UIUASOI0Yd “Z'Z 3lde.L



/61 000T - TO°0

/6w 0T - T0°0

/6w 00T - T°0

/6w 002 - T

/6w 00S - 0T

/6w 0002 - 0T

1/60T-1

219 ‘UOISIAIP |]92 0} PIY

'019 ‘si01de} 3WAZUS09 ag

019 ‘AlIAIIOR pUR 21N1ONJIS |[32 UIBRIUIBIA

*0)9 ‘sUOIoLal pue suiglold 0] S apIAOId

*019 ‘S]|99 Ul uonoeal AIana 0] d apIAoid

"019 ‘|99 9]OUM 3 01 N 3pIA0Id

*019 ‘|]82 3]OYM 81 01 D BPIAOId

dasp w 0g"0 ‘Buoj w zg ‘spim w ZT
‘puod/,w 8/6

.OHG _UO .Qﬁ_ _C_\/_ .CN _OH_

OHO .m_\/_ rﬁZ .mo ,v_

219 ‘areyd|ns

*219 ‘areydsoyd ‘areydsoydoipAH

318 N 'YV ‘ealn "fON

019 ‘.00 “fODH 0D

UIUBHA

SlusWig|a adel |

syjes o1uebiou|

Inydins

13

snioydsoyd

824n0s uaboIN

921N0S uogied

abuel JUsIUOD B|qEINS

uonaun4

sjuaIpaJBul urey

uoniINN

[t2] 'uoneanna sebjeosdiw BuriNp suooUNy 1UBLIINN "€°Z 9|qe.L



Iojouwrerp
aqm w 9(°() seqny Juof w (Y
9run/soqny [oqrered Z¢ 1

€eeesl
L'8G/69¢l
189°C

¥8¢€°0

¢L00/81¥0°0
3!

000°001

dosp w (¢ ‘Suoj w 7g
‘opim w 7] ‘puod/ W 8.6

€ee'esl
9CY /v'66
8T8°L
YAl
10
Ge00
L11°0

000°001

A1nowoa3 wosAg

PopaaU SsjrunN JO JoqUInN
(3y) vondwnsuos ) [enuuy
(;-BY (W) pRIA 10
(;ur) papadu Bary

(;-p) dre1 uonnyiqg

14

(W 3Y) Y1oIq UL UONBNUIIUOD SSBUWOIY
(;-p ;- 3Y) Kianonpoid [eary
(4-p cw 3Y) Aianonpoid srmowmnjop

(3y) uonponpouid ssewolq [enuuwy

(¥ 49d) s1030e2101q03J0Y

(d¥O) spuod Aemaoer uad(

[12'21'9T] (49d) s41010e8101g010yd pue (dHO) spuod Aemasea usdo Jo uostredwo) ' a|qe.L



2.2.3  Chlamydomonas reinhardtii

Chlamydomonas reinhardtii is a single-cell green microalga of 10 pm in diameter.

It has two flagella for swimming, hydroxyproline-rich glycoproteins in its cell wall

besides cellulose, a light-sensing eyespot, and a large cup-shaped chloroplast with

pyrenoid.

Other microalgae besides C. reinhardtii have higher biomass productivities

and efficient lipid biosynthesis [17,23] (Table 2.5). C. reinhardtii, however, is well

studied as a model microalga due to its faster growth rate, easier cultivation and

evident genetic manipulation. C. reinhardtii can not only grow autotrophically on

light but also grow in the dark when supplied with organic carbon especially acetate.

Recently, with its generally regarded as safe (GRAS) status [24], C. reinhardtii

has gained interest as a cellular green factory for producing nutraceuticals,

biopharmaceuticals and biofuel as well as biochemicals.

Laboratory C. reinhardtii is listed in Table 2.6 [25,26].
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2.3 Metabolic Engineering in Chlamydomonas reinhardtii

2.3.1  Advantageous Transgenic Microalgae over Other Chemotrophic Microbes

Recent industrial bioprocesses using bacteria (e.g., Escherichia coli,
Corynebacterium glutamicum, and Lactobacillus spp.) and yeasts (e.g.,
Saccharomyces cerevisiae) have been well established with their metabolic
engineering over several decades [27]. In contrast to their large number of
applications at an industrial scale, among microalgae, only C. reinhardtii has been
reported to be successfully transformed. The advantages of transgenic C. reinhardtii
over those chemotrophic microbes could provide an opportunity to expedite their
utilization at an industrial scale; i) transgenic microalgae can grow both under
phototrophic and heterotrophic conditions; ii) they can especially express specific
genes which yeast cannot express (i.e., genes related to flagellar function,
photosynthesis and photoreception), and iii) they can be engineered to express

mammalian proteins such as hormones or antibodies with high quality [5].



2.3.2  Chloroplast Transformation

Since its first report about successful genetic transformation at both nucleus and
chloroplast, C. reinhardii has been mainly focused for development of transgenic
microalgae with stable heterologous gene expression. The main characteristics and
potential uses of nuclear and chloroplast transformation are summarized in Table 2.7
[5]. In order that transgenic C. reinhardtii should be feasible to come up with its
widespread utilization for industrial and pharmaceutical applications through
metabolic engineering, chloroplast transformation should be performed for
recombinant protein (RP) production from C. reinhardtii chloroplasts. This is
reported to be economically viable owing to RP titers of several percent total soluble
protein (TSP) and reliable targeted genetic manipulation by homologous
recombination [28,29,54] (Table 2.8).

The chloroplast of C. reinhardtii contains its own genome, which is called
the plastome. It is a circular form of a DNA molecule approximately 200 kb in size
and encompasses about 80 identical copies of itself [54]. That is why stable
chloroplast transformation requires that all the copies of the plastome change to the
recombinant form, which is achieved by site-specific homologous recombination
between homologous DNA sequences present in the target plastome and the
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construct [55]. This ensures integration of the transgenes into the plastome, resulting
in high expression levels with no gene silencing [6,54].

Recently, chloroplast DNA mutants that have defects in photosynthetic
genes and rescuing vectors for their original functions have been utilized to develop
transgenic C. reinhardtii expressing chloroplast-localized transgenes. These
microalgal mutants are typically unable to grow under autotrophic condition, but
when transformed with the rescuing vectors, they can restore their photosynthesis by
replacing its abnormal genes with original genes [54,56] (Table 2.9). This
complementation system has led to its proposed use for screening chloroplast

transgenic microalgae without antibiotics as selection markers.
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2.3.3  Metabolic Engineering for Improving the Microalgal Biomass

While there have been many studies on increasing secondary metabolites
productivity (e.g., astaxanthin, lutein, TAG, etc.), few studies have reported on

engineering growth-associated primary metabolism.

2.3.3.1 Reduction of Antenna Size

Typical photobioreactor at industrial scale is capable to operate a large amount of
suspension cultivation at batch. A high pigment optical density by large antenna
systems of C. reinhardtii at outmost layers, however, results in light scattering effect
that reduces light accessibility of lower part of microalgal cells. Generation of strains
with size-reduced antenna was summarized in Table 2.10 [57]. It was shown that
their photosystems were composed of 10 to 33% minimum molecules and avoided

over-saturation.

2.3.3.2 NPQ (Non-Photochemical Quenching) Deactivation

Photon conversion efficiency (PCE) is closely related with microalgal biomass

+ % [ -1
30 A = 1



productivity. When exposed to full sunlight intensity, C. reinhardtii at the outer most
layers becomes over-saturated, where about 75% of the energy captured by the LHC
antenna complex is not converted to biomass but dissipated as heat and fluorescence.
Additionally, the light excitation flux exceeds the CO, fixation rate, inducing a pH
drop in the thylakoid lumen and NPQ activation (de-excitation of chlorophyll
molecules in PSII via qE and qT mechanisms) [66].

NPQ mutants were studied to reduce the energy loss but showed a reduction
in high-light tolerance without improving the growth. They likely got over-excited,
where the half-life of a singlet Chl (\Chl") increases, and spin inversion is more likely
to result in a triplet Chl (*Chl"). The *Chl" is known as a photosensitizer causing
harmless triplet O to become a reactive oxygen species (ROS), which contributes to

damaging the photosystem [67].

2.3.3.3 Metabolism Manipulation

Although central carbon metabolism has been recently unveiled (Figure 2.1) [68],
there have been few studies about primary metabolism engineering and its positive

effects on microalgal biomass enhancement.
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24 Mechanotransduction in Chlamydomonas reinhardtii and its

Application

2.4.1  Ca** Signalling Mechanisms in Plants

Cells ensure their survival by responding to diverse environmental stimuli, where
Ca* has a significant role as a second messenger, amplifying and propagating
intracellular signals. Because a low concentration of cytosolic Ca®* (~100 nM)
causes a large inward concentration gradient, activation of Ca*" ion channels by
stimuli results in a rapid influx of extracellular Ca®* ions into cells and the elevation
of cytosolic Ca?* ([Ca®*]ey). Ca®* influx, efflux, and decoding are sophisticatedly
regulated for eliciting downstream responses [69].

Ca?* influx related ion channels such as the MscS like channel respond to
stress stimuli by opening pores and permitting Ca* influx, which depolarizes the
membrane potential. Ca®* efflux proteins such as Ca®* ATPases or Ca®*/H*
exchangers release out [Ca®*]ey to its resting level [70]. The changes in cytosolic
Ca?* by influx or efflux lead to various Ca**-binding proteins that elicit downstream

stress responsive signaling pathways [71,72], which include calmodulin (CaM),



calcium-dependent protein kinases (CDPKSs), calcineurin B-like (CBL), or calcium
sensor proteins and their CBL-interacting protein kinases (CIPKs) [69].

After microarrays identified the stress-dependent Ca®* responses, the
promoter regions of Ca®*-regulated genes were shown to contain common abscisic
acid-responsive element (ABRE)-related cis-elements [73]. The ABRE was also
elucidated to be a part of the promoter of CBF/DREB1 transcription factors that
function as master regulators of abiotic stress responses [74]. This means that Ca?*-
regulated gene transcription and abiotic stress responses are directly interconnected.
In recent studies, it was unveiled that calmodulin binding transcription factors
(CAMTA) was the direct transcription factor bridging the interconnection by
immediately translating Ca®* signatures to transcriptional regulation, which is

regulated by CAMs (Figure 2.2) [75,84].



( "~ Nucleus \

/ ACAMTAIZ)  —p

Stimulus Cold-inducible Genes |
uur::>CaZ+ AN |

(ACAMTAZASRT) ™ N
——F(
\ EDS1

—_—

( Vacuole ) __Lig‘;ht-inducible Gg’ngs

Figure 2.2 Schematics of interconnection of abiotic stress and Ca?*-regulated

transcription. [75]
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2.4.2  Mechanotransduction in Chlamydomonas reinhardtii

Chlamydomonas reinhardtii responds to rapid changes in light, osmotic stress and
nutrient availability by diverse signaling pathways. Emerging evidence suggests that
Ca**-dependent signaling mechanisms are central to many cellular stress responses
in C. reinhardtii [69]. Compared to higher plants, however, there is relatively little
understanding of the nature of the Ca** dependent stress signaling mechanisms in C.
reinhardtii.

Specifically, studies on the interconnection between mechanotransduction
and the Ca** signaling pathway in C. reinhardtii remain in their infancy [69]. Some
key mechanoreceptors or ion channels have been identified providing insight into
the underlying mechanosensitive signaling pathway. They were demonstrated to be
mainly localized at the flagella detecting collisions to obstacles. This is because the
cell body is covered by a rigid cell wall, and flagella are the only part outside the cell
body [76]. TRP11, an ortholog of transient receptor potential (TRP) channels [77],
is the mechanosensitive receptor that has a role in generating the membrane potential
at the first collision [76]. The initial Ca®* influx by TRP11 promotes the
depolarization of the flagella membrane and activates CAV2, the al subunit of a
voltage-dependent calcium channel [78]. CAV2 triggers the action potential by
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amplifying the Ca®* influx to change the flagella bending pattern to avoid the
collision. CAV2 is comprised of four homologous repeat domains (D1 to D4) with
six transmembrane segments (S1 to S6) for each, which are conserved. S5 and S6
generally make up the pore of CAV2 [79]. P-loops connecting S5 and S6 at the
extracellular side have glutamine residues (EEEE motif), which is essential as a Ca®*
selectivity filter [76].

Besides the mechanosensitive channels at the flagella, MSC1, a member of
the MscS-like proteins, spans intracellular membranes such as the nucleus or
chloroplast. While E. coli MscS is almost non-selective, MSC1 is selective
essentially for monovalent anions as permeable ions [76]. Ascending and descending
ramps of mechanical stimuli showed that MSCL1 opens for a large stimulus intensity
but closes for a small stimulus intensity, which means that the gating Kinetics of
MSC1 is hysteretic. In addition to that, MSC1 RNAIi showed an abnormal
localization of chlorophyll, suggesting that MSC1 is involved in organizing the

shape of the chloroplast membranes [76].



2.4.3  Mechanical Stimulus for Biomass Increase

There have been several studies on the positive effect of mechanical stimulus on
biomass increase (Table 2.11). Their methods, however, have difficulty applying to
industrial-scale bioreactors with high facility cost for generating such mechanical

stimuli as ultra-sonic wave or massive vibrational force.
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2.5 Triacylglycerol (TAG) Production in Chlamydomonas reinhardtii

2.5.1  Potential Triacylglycerol (TAG) Following Transesterification

A triacylglycerol (or triglyceride, TAG) is a tri-ester of glycerol and three fatty acids.

Triacylglycerol is reacted with alcohol, especially methanol, in an alkali-catalyzed

reaction known as transesterification or alcoholysis, producing one glycerol and

three methyl esters of fatty acids (FA) (Figure 2.3) [16]. The three fatty acids are

generally different, the chain of which comprises 16, 18, or 20 carbon atoms- natural

fatty acids found in eukaryotes typically consist of even numbers of carbon atoms,

reflecting fatty acid biosynthesis from the two-carbon acetyl CoA [16].

Alkali-catalyzed transesterification is about 4000 times faster than the acid

catalyzed reaction [85] and more cost-feasible than lipase-mediated treatment.

Consequently, alkalis such as sodium and potassium hydroxide are commonly used

as commercial catalysts at a concentration of about 1% by the weight of the oil [16].

This transesterification is carried out at 60°C under atmospheric pressure,

preventing methanol from boiling off at 65 °C. Operation at a higher temperature

and pressure is also possible but costs expensive. The reaction mixture is separated



into two liquid phases of methanol and oil. By repeated washing with water for the
removal of glycerol and methanol, the fatty acids could be recovered [16].

Glycerol and fatty acids from TAG are used as a precursor for various
commodities in healthcare and for various industrial uses [86] including the
following: substances to prevent dryness of the skin, food, or costumes with
moisturizing properties, castor oil to help restore the skin's natural moisture balance,

and biodiesel as an alternative to fossil fuels.



O O

R'OH + R"OJLR [Acid-Catalyst] R'OH + R,O)J\R

Alcohol TAG Glycerol Fatty Acids
(Triacylglycerol)

Figure 2.3 Transesterification of TAG for glycerol and fatty acids production.

[16]
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2.5.2  Lipid Synthesis Molecular Mechanism

C. reinhardtii responds to environmental cues by accumulation of intracellular lipid
droplets (LDs). Nitrogen deprivation is the most common trigger for oil
accumulation among the other physical stressors such as high light, salinity increase,
or temperature change [87]. Transcriptome analysis of nitrogen-starved C.
reinhardtii helped give insights into the TAG synthetic mechanisms [88,89].
Nitrogen deprivation was reported to downregulate photosynthesis and protein
synthesis individually or simultaneously and to drive acetate flux into fatty acid
synthesis not to gluconeogenesis [87]. In addition to that, the nitrogen-responsive
regulator, NRR1, was identified as the only transcriptional up-regulator of TAG
accumulation- the nrrl mutant showed a reduction in the oil content by more 50%
[90].

Biosynthesis of fatty acids and triacylglycerols are summarized in Figure

2.4, 2.5 and 2.6, respectively [19].
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Figure 2.4 Fatty acid synthesis pathway in chloroplasts [19]. (1, 3) acetyl CoA
carboxylase, (2) malonyl CoA:ACP transferase, (4) 3-ketoacyl ACP reductase, (5)

3-hydroxyacyl ACP dehydrase, and (6) enoyl ACP reductase.
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2.5.3  Genetic Engineering of Lipid Metabolism

Several transgenic strategies have been studied to enhance the lipid content in higher
plants [6]. Because many of the genes in the lipid metabolism of plants are
homologous to the sequenced microalgal genomes, these strategies have been also
applied especially to industrial microalgae (Nannochloropsis salina, Dunaliella
tertiolecta, and Chlorella vulgaris). Several recent studies are summarized in Table
2.12 [6,91].

In that 90% of the fatty acids comprising TAG is mostly derived from
chloroplast, it can be seen that most of the studies targeted chloroplast-related genes
[87]. In order to inactivate the fatty acid synthesis-related genes in nucleus, nuclear
transformation has been performed either through random mutagenesis or through
RNA silencing [6].

As mentioned earlier that nuclear transformation has the limitation of
phenotype maintenance, there is a need to confirm whether gene silencing disturbs
transgene expression and whether these species still maintain their transformant

phenotypes with high lipid productivity.
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2.5.4  Economic Triacylglycerol (TAG) Production

Genetic engineering of lipid metabolism has been mainly investigated for oil
enhancement, but only the increase in lipid content of microalgae has been reported
to limit overall lipid productivity [115]. Considering trade-off between growth and
lipid metabolism, proper balance of growth and lipid content should be required for
the best economic production [116]. Some research supposed that inducible
promoters could control overexpression of lipid synthesis without negative impacts
on microalgal growth (e.g. copper-responsive elements in C. reinhardtii) [117]. From
an economical point of view, however, such strategies have difficulty for cost-
effective TAG production [6].

More significantly, optimization of cultivation has been also considered to
increase TAG. It is well known that when exposed to stress conditions (e.g., nutrient
deprivation), microalgae accumulate lipids in the form of TAGs [20]. What is
problematic is that this accumulation occurs at the expense of growth-associated
energy, leading to a decrease in microalgal biomass and productivity [6].

Nutrient deprivation for TAG induction is closely connected to the C/N
ratio, the ratio of carbon to nitrogen, or Redfield ratio. When microalgae do not have

enough nitrogen, they slow down their proliferation and start converting the
b ey ;
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excessive amount of carbon sources to energy storage products, such as lipids and/or
starch, to balance the C/N ratio [87]. A low amount of remnant carbon and nitrogen
sources with a re-steady C/N ratio would be used for growth-associated metabolism.
This combinatorial impact on growth and TAG production has been mentioned in

several studies (Table 2.13).
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Chapter 3

Microfluidic Perfusion Bioreactor
with Steady High C/N Ratio for Optimization of

Microalgal Lipid Productivity

Published in Bioresource Technology 2017, 233, 433-437
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3.1 Introduction

Recently, demands for secondary metabolites such as antioxidants, antibiotics, and
nutritional additives have markedly increased, and there is a need for technologies
that can meet those demands [5]. Secondary metabolites, however, are produced in
the cellular stationary phase, and in that phase, nutrients may become mostly
depleted. Consequently, there is no cell growth, which results in a decrease in the
total amount of metabolites produced. Although cell-strain development via genetic
engineering could increase metabolite productivity per cell, genetically modified
organism issues can arise and decreased growth could occur [5,6,7].

A bioreactor process that provides a continuous supply of elementary
nutrients is known to effectively increase biomass production and secondary
bioproduct yield compared to that obtained from a traditional batch process. Cells in
a batch process system consume a finite amount of nutrients that are available in
concentrations that decrease with time. Accordingly, when batch processes are
operated with high carbon to nitrogen (C/N) ratio for both cellular growth and
secondary metabolites production, the ratio becomes not kept over time and finally
no nutrients exists due to microbial consumption. In addition to that, the steady state
achieved in a continuous supply process contributes to a constant nutrient condition,
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under which the cells in the reactor proliferate with constant physiological
phenotypes. This one-condition-to-one-phenotype feature can assist in the
physiological analysis of cellular characteristics during cultivation [120]. In contrast,
time-dependent nutrient changes in batch processes can make it difficult to analyze
cellular properties due to the many-conditions-to-one-phenotype feature of batch
processing [118,121-124].

Development of microfluidic chips could help realize changes in
continuous cultivation processes that can be applied at microscale to milliscale [125].
In order to produce a miniature, precise bioreactor that is capable of presenting the
same physiological conditions as those on an industrial scale, the microfluidic chips
should be capable not only of continuous processing but also capable of suspension
cultivation, a second important factor in bioreactor processes. Suspension-based
cultivation increases the cellular contact area available for nutrient uptake while
maintaining the cells’ physiological properties. It was demonstrated that trapping of
Corynebacterium glutamicum could precipitate a physiologically undeniable
deviation in the state of suspended cells; i.e., 50% decreases in division rate and cell
length [126], and it was reported that immobilized Chlamydomonas reinhardtii, a
microalgal model, exhibited 16% and 28% decreases in photosynthesis and
respiratory activities, respectively [127]. In addition, it was described a diffusible
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microfluidic chip that could be used to test the effects of a toxin on several marine
microalgae and diatoms, including Phaeodactylum tricornutum [128-130]. Their
device included diffusible chambers confined by semipermeable membranes above
a continuous flow with different concentrations, and in which the cells were not
immobilized but freely swimming and more sensitive to the toxin concentration.

In this study, a perfusion microfluidic chip is fabricated that meets both the
continuous processing and suspension cultivation requirements. The microfluidic
chip was applied in a continuous feed system at steady high C/N ratio for production
of a secondary metabolite, triacylglyceride (TAG), from C. reinhardtii. TAG, a bio-
derived neutral lipid, has been regarded as a precursor for biodiesel, an alternative to
fossil fuel, and for ricinoleic acid (RA), which has healthcare and industrial uses [86].
Ammonium (NH,") nutrient starvation is the most efficient way to obtain TAG from
C. reinhardetii, but that approach limits biomass increases, thereby reducing the total
lipid quantity produced. We assumed that conditions under which cells could sense
being starved but still exert their primary metabolic activities, such as growth, would

be the best cultivation condition for achieving maximal TAG production.



3.2 Materials and Methods

3.2.1  Fabrication of Microfluidic Perfusion Bioreactor

The microfluidic continuous cultivating device was fabricated in PDMS (SylGard A,
B) by applying soft lithography to produce Module | for nutrient gradient generation
and Module 11 for microalgae growth. Module I had curved serpentine channels and
embedded inlet and outlet holes. A glass coverslip was treated with air plasma (150
mTorr, 100 W) for 5 min and then attached to Module 1. Subsequently, a
polyethylene terephthalate (PET) transwell membrane (BD Biosciences, Cat. No.:
353091) and an upper PDMS piece were stacked in order, and the assembly was
heated for 30 min in a 75°C oven for irreversible bonding. The membranes were
treated with PLL(20)-g-PEG(2) (0.1 mg/mL) in 10 mM Tris-HCI buffer (pH 6.8) for
an hour at room temperature and washed twice with 10 mM Tris-HCI buffer (pH 6.8)
to block microalgal cell adhesion [131]. Module Il was prepared with two air-
plasma-treated PDMS fragments between which other membranes were located.
After loading the samples into the provided holes in Module I, Module 11 was placed
on top of Module I to form a growth chamber that could be subjected to continuous
perfusion mixed streams. Polyethylene tubing was inserted into the inlet and outlet
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holes to make the fluidic connections. The pieces of tubing were then connected to
medium-containing syringes installed in a syringe pump (Figure 3.1). Rhodamine
solution (SigmaAldrich, Cat. No.: R6626, 0.7 mg/mL) was used to check the
concentration gradient, and fluorescein isothiocyanate (FITC)-dextran solution
(SigmaAldrich, Cat. No.: FD10S) 25 pg/mL in 10 mM Tris-HCI (pH 8.0) was used

to check concentration stability.

3.2.2  Microalgae Cultivation

CC-4349 (cw15 mt- strain) from the Chlamydomonas Center was cultivated in tris-
acetate-phosphate (TAP) with NH," liquid medium for 5-7 d until the cells entered
the stationary phase. A second inoculation of the suspension diluted the cells to 5 x
10* cells/mL in 30 mL of medium in order to maintain the cells in a healthy state for
further cultivation. When cell abundance reached 3—4 x 10° cells/mL they underwent
two deionized water (D.W.) washings, and the washed cells were loaded to Module

I. Cell counting was performed by using a hematocytometer.



Module |

" Module Il

- o0 D DD
Permeable membrane

POOOPOOD®

Figure 3.1 Schematic representation of the microfluidic perfusion bioreactor
for continuous, stable flows of nutrient medium. The left top box shows the
photograph of this device with concentration gradient. Yellow cylindrical spaces in

Module 11 are chambers for microalgal growth.
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3.2.3  Triacylglycerol (TAG) Staining and Fluorescent Microscopy

BODIPY 505/515 (4,4-difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacen)
(Thermo, Cat. No.: D3921) was dissolved in dimethyl sulfoxide (DMSO) to form a
5 mM stock solution [132]. A microalgal suspension was mixed with 1/1,000
volumes of the stock BODIPY solution and agitated for 30 s. After 10 min incubation
in the dark, each sample was washed once with 5x lower volumes of 20 mM Tris-
HCI buffer. Images of BODIPY -stained lipid droplets in cells were captured by using
an epifluorescence Eclipse Ti inverted fluorescence microscope (Nikon) with a
GFP_Quadruple filter. Images were processed with NIS-Elements AR v.4.20.00 for

intensity measurement.



TAP+N,P / 24L - TAP-N,P / 24L

DIC Fluorescence DIC Fluorescence

BODIPY Staining

Figure 3.2 BODIPY staining for TAG produced after depletion of both NH%,

and PO4>.
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3.3 Results and Discussion

3.3.1  Characteristics of Microfluidic Perfusion Bioreactor

Laminar streams of two different solutions were sufficiently mixed by diffusion and
a little inertial force in the curved serpentine channels (Figure 3.4 (a) and (b)). To
assess the bioreactor’s solution-mixing behavior, 0% rhodamine (i.e., D.W.) and 100%
rhodamine solutions were introduced separately to the microfluidic chip through one
or the other inlets. It was observed that concentrations at the five outlets were linearly
generated, which meant that Module I could precisely produce proportionally linear
gradients (Figure 3.4 (c)).

Module 1l included culture chambers sandwiched by top and bottom
permeable membranes (Figure 3.5 (d) and (e)). After filling the microfluidic chip
with D.W., FITC-Dextran solution was introduced at 10 pl/hr across the chambers.
Fluorescence intensity graphs showed that the D.W. was rapidly exchanged (within
a couple of minutes) with the FITC-Dextran solution; moreover, the FITC-Dextran

content in the chambers remained constant over time (Figure 3.5 (f)).
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Figure 3.4 Evaluation of characteristics of Module 1. (a) Schematic of curved
serpentine channels and mixing channels in Module I, (b) photograph of Module I,
(c) fluorescent intensity measurement of rhodamine diluted solutions in each hole.

Error bars represent standard deviation (SD) from three biological replicates.
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Figure 3.5 Evaluation of characteristics of Module Il. (a) schematic growth
chambers in Module Il and continuous feeds through the chambers, (b) photograph
of Module 11 filled with food dyes, and (c) temporal changes in kinetics of FITC-
dextran fluorescent intensity of growth chambers initially filled with deionized water.

Error bars represent standard deviation (SD) from three biological replicates.
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3.3.2  Synergetic Effect of Phosphate Depletion

This microfluidic chip was applied for assessing TAG production in order to
determine whether, along with the effect of NH,", there is a synergistic effect of
phosphate PO.,*, which could be an important factor in the production of TAG. A
NH,"-deplete medium with five different concentrations of PO, were continuously
passed through the growth chamber where CC-4349 in the exponential state under
normal conditions (7.5 mM NH,", 1.0 mM PO,*) had been loaded. After 120 hr,
starved cells in each chamber were collected and stained with BODIPY to detect
TAG. A scatter plot graph (N = 313) showed that the slope of the sum fluorescent
intensity of the cells was highest under 0% NH4*/ 0% PO,* conditions (Figure 3.6).
In addition, the percentile graph showed that the 50% median bar was 2.43 times
higher under 0% NH4*/ 0% PO4? than under the other conditions.

These results indicate that PO,* is a factor that affects TAG production
efficiency and that both NH4*/PO4? starvation can synergistically induce an increase
in TAG production. Traditional batch cultivation with 0%/25% of NH,*/PO,* could
also show synergistic effects on TAG yield, but the batch process supposedly
involves nutrient depletion over time and the depletion seem to synergistically

activate TAG production (Figure 3.7).
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Figure 3.6 Scatter graph plot of each cell area and the sum fluorescent
intensities of each tested phosphate and ammonium concentration ((a) 0/0, (b)
0/25, (c) 0/50, (d) 0/75, and (e) 0/100 of [NH4"]%/[PO4*]%). Each circle represents
a single cell (N=313) from three separate biological replicates. Black slope is trend
line that indirectly indicates the amount of TAG produced in a cell, and blue slope
and red slope show 95% prediction line and 95% confidence line, respectively.
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Figure 3.7 Percentile graph presenting TAG fluorescent intensities for five

phosphate and ammonium concentration gradients (0/0, 0/25, 0/50, 0/75, and

0/100 of [NH4"]%/[P0O4*]%). The box indicates from 25" percentile to 75"

percentile, the line in the middle of the box is for the median, and the upper and

lower whisker are for 10" and 90" percentile, respectively.
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3.3.3  Effect of Low Concentrations of NH;" and PO/

Based on the evidence of synergistic effects, it was hypothesized that a small amount
of NH4*/PO4* could increase cell growth to a greater extent than that obtained from
the only NH4*-deplete medium and that additional growth thereby increases biomass.
A gradient series of double deficient NH;*/PO4* media (0%/0%, 2.5%/2.5%,
5.0%/5.0%, 7.5%/7.5%, and 10%/10%) was generated, and sums of TAG
fluorescent intensities and final cell numbers were derived. The sums of fluorescent
intensities, as well as the fluorescent slopes (Figure 3.8), showed few differences in
median values, meaning that the tested range of nutrient conditions had no critical
effect on TAG vyield. In contrast, concentrations above 5%/5% resulted in higher
levels of cell growth than that under the 0%/0% condition. In particular, the cells in
7.5%/7.5% media had a 3.5-fold increase in apparent growth rate. This 7.5%/7.5%
of NH;*/PO4* media combination was regarded as the maximum starvation threshold
point that positively affected both TAG yield from starvation and biomass increase

from continuous nutrient (Figure 3.9).
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Figure 3.8 Scatter graph plot of each cell area and the sum fluorescent
intensities of concurrent nutrient concentrations ((a) 0/0, (b) 2.5/2.5, (c) 5.0/5.0,
(d) 7.5/7.5, and (e) 10.0/10.0 of [NH4*]%/[PO4*]%). Each circle represents a single
cell (N=546) from three separate biological replicates. Black slope is trend line that
indirectly indicates the amount of TAG produced in a cell, and blue slope and red

slope show 95% prediction line and 95% confidence line, respectively.
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Figure 3.9 Percentile graph presenting TAG fluorescent intensities and a graph
of final cell numbers obtained by applying concurrent concentration gradients
of phosphate and ammonium (0/0, 2.5/2.5, 5.0/5.0, 7.5/7.5, and 10.0/10.0 of
[NH4*]1%/[PO4*]1%). The box indicates from 25" percentile to 75" percentile, the
line in the middle of the box is for the median, and the upper and lower whisker are
for 10" and 90™ percentile, respectively. Error bars represent standard deviation (SD)

from three biological replicates.
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5%/5% NH4*/POs* to 10%/10% NH,*/PO,* conditions were demonstrated
to yield more biomass than the quantity obtained by applying the 0%/0% NH4*/PO,*
condition. It was expected that when cells were supplied with more than 5.0%/5.0%
NH4*/PO,%, the TAG yield would be slightly less than that of the double deplete
condition because the cell growth can compete with or refrain from activating
secondary metabolite pathways. The yields, nevertheless, were more than expected.
There is a study about the starvation and its connection with quorum sensing, a
special cellular characteristic that maintains cell numbers, in a cultivated space [133].
This perfusion bioreactor on a microfluidic chip trapped the microalgae between
upper and lower permeable membranes in the area in which the nutrient-bearing
medium flowed. As time passed, cells continued to grow under the low nutrient
concentrations, and under that condition, the chambers became filled with many cells,
which triggered quorum sensing and starvation with TAG production. In other words,
the greater the cell growth in limited space of the chamber, the more cell starvation,
particularly in media with concentrations of 5.0%/5.0% NH4*/PO,> or higher.

A low amount of nitrogen o phosphorous in batch processes could also
contribute to both proliferation and TAG production. But, such processes involves
depletion of the nutrients, where cells stop growth-associated metabolism resulting
in the low total yield of TAG. In contrast, continuous supply of a low nutrient in
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microalgal cultivation could help the cells keep growth-associated metabolism as
well as TAG production with remnant carbon sources, maintaining re-steady C/N
ratio without nutrient depletion. This cultivation could be competitive in
supplementing costs on facilities and process operation by improvement of TAG
total yield.

The results suggest that the developed microfluidic device can be utilized
as an investigative tool to assist in determining optimized growth/starvation
conditions for potential use at the millimeter or larger scale. The device results
showed that a greater quantity of TAG can be obtained by changing the cultivation
system and cultivation media. A similar cultivation approach on an industrial scale
may produce different results with a delicate modelling [124] and, therefore, there is

a need to perform further trials on larger scales [134].



34 Conclusions

The cells in the perfusion system of steady high C/N ratio produced TAG and also
grew although they were being supplied with a nutrient concentration (particularly
7.5%/7.5% NH4*/PO4%) that was only slightly higher than an absolutely deplete one.
This suggests that a continuous, stable flow of a low concentration nutrient medium
at steady high C/N ratio can not only starve cells but also encourage them to grow at

a minimum growth rate.
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Chapter 4

Vibration-Induced Stress Priming
During Seed Culture to Increase Microalgal

Biomass in High Shear Field-Cultivation

Published in Bioresource Technology 2018, 254, 340-346
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4.1 Introduction

In order to increase the microalgal biomass, some research groups have studied the
effect of ultrasound on microalgal growth rates [83, 135] because mechanical
stimulus is known as one of the key factors to produce more biomass as well as
metabolites which can be used as nutrients. Although the microalgae grew faster, the
equipment necessary for ultrasound could not be achieved on an industrial scale. It
has been pointed out that the costs for the microalgae process are too high, and the
process has yet to be efficiently managed [136]. In this regard, it is not cost-effective
to set up a vibration generating system on a large industrial scale. In addition, its
vibrational effect could be offset by the vigorous turbulence in the bioreactors.

To enhance biomass productivity, it is necessary to use a realistic approach
that uses the innate characteristics of the microbes. Cellular stress response (CSR)
consists of a wide range of molecular changes that cells undergo in response to
environmental stress. Microbes are exposed to many environmental factors such as
temperature changes, osmolality variations, and nutrient deprivation. These stressors
cause the microbes to physiologically change through various signal transduction
networks which can negatively affect their survival and reproduction. Afterwards,
these cells reprogram their metabolism and adapt to their environment achieving
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proper cellular growth, proliferation, and development under the stressors. Priming
is a special cellular phenomenon of CSR: cells that have previously experienced a
temporary milder stress (priming) have an enhanced stress response to a second
stress event (triggering) [137-141]. The primed state comes with a transient
metabolic cost shifting the metabolism from growth to production of protective
compounds, but primed microbes are more beneficial in terms of survival in a stress
environment than non-primed ones. In plants, a caterpillar chewing-treatment made
Arabidopsis thaliana respond more actively than the non-treated ones in a severe
vibrational actuator treatment [142]. In addition, fungi that already experienced
milder heat also showed their priming effect on progeny colonial growth in extreme
heat conditions [143]. These results were supported by a stress response metabolite
analysis, in which stress priming was found to activate the general stress response
which helps the cells to prepare themselves.

Although this priming effect is helpful for living organisms’ survival and
their biomass, stress priming of Chlamydomonas reinhardtii (a model photosynthetic
microalgae) and mechanical stimulation that the microalgae experience in
bioprocesses have not been considered together. According to molecular biology for
microalgal mechanotransduction, several mechanoreceptors were just found to be
involved in its mechanotransductory pathway: TRP11 encodes a flagellar
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mechanoreceptor protein [77], CAV2 a flagellar voltage-dependent calcium channel,
ADF1, which is a TRP family Ca** channel [78], and MSC1 an intracellular
mechanosensitive ion channel involved in the organization of the chloroplast
membrane [76, 144]. Collisions deform the microalgal cell body. Thus, C.
reinhardtii activates intracellular Ca?* concentration-dependent collision-avoiding
reactions which result in several behavioral responses (i.e., mechanoreception,
flagella excision, phototaxis, and photophobic response). The mechanical stimulus
during the collisions excites the cellular membrane potential to express
mechanosensitive channels like the TRP family, especially TRP11 and TRP15, by
which an influx of Ca®" is triggered. When the membrane depolarization exceeds a
threshold level, an action potential is generated at the flagella by the voltage-
dependent calcium channels, CAV2. In order to increase microbial biomass, a
realistic approach is necessary that uses the innate characteristics of the microbes,
and this mechanotransduction pathway could be activated to prime cells to increase
microalgal biomass when they are cultivated in industrial-scale bioreactors with
harsh mechanical stresses.

In this study, Chlamydomonas reinhardtii was pretreated with a lab-scale
up/down vibration generating system and cultivated in baffled flasks which had a
shear stress force similar to that of large-scale bioreactors, and the changes in RNA

83 ]



expression of mechanosensitive channels were analyzed. It was assumed that C.
reinhardtii could 1) recognize a mild compressional/tensional mechanical stimulus
generated from the vibration system and 2) become primed so that they could
withstand a similar extent of shear stress from industrial bioreactors leading to an

increased proliferation and biomass productivity.
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4.2 Materials and Methods

4.2.1  Microalgae Cultivation

CC-124 (mt- nitl nit2 strain) from Chlamydomonas Center was cultivated in tris-
acetate-phosphate (TAP) with NH," liquid medium under continuous low irradiance
(50 uE) for 57 days until the cells just entered the stationary phase [145]. A second
inoculation of the suspension diluted the cells to 1/2,500 in 5 mL of fresh medium
to maintain the cells in a healthy state for further experiments. When the cellular
state reached the late exponential phase again, the cells were diluted again with fresh
TAP+N medium to 3 x 10° cells/ml. Then, 200 ul of the resuspended cells were
spread onto 1.5% TAP+N agar plates (7.5 ml of a mixture of TAP+N and agar had
been poured in @ 60 petri dishes and dried at room temperature for 5 days). The cells
were treated for 72 h with up/down vibration from a vibration system
(SONICWORLD/SONIX SW-R3.03) using different frequencies of 10, 30, and 100
Hz at 0.5 G, or different magnitudes of 0.15, 0.30, and 0.45 G at 10 Hz. Each
resultant G-force was profiled with an accelerometer (Nagano, G-MEN DR20)

(Figure 4.1). After the vibration pretreatment, they were collected and inoculated in



30 ml of TAP+N medium in baffled flasks at a concentration of 5 x 10* cells/ml for

about 10 days (Figure 4.2).

4.2.2  Baffled Flask

250 ml Erlenmeyer flasks (Duran, Cat. No.: 21 216 36) were symmetrically equipped
with four side baffles positioned at 90 degrees and four bottom baffles offset from
the side baffles, and their heights were all 15 mm. These eight deep baffles were
designed to enhance vigorous agitation providing almost the same hydrodynamic
shear force field as in industrial bioreactors. The shaking frequency was set at 245

rpm (Figure 4.3).

4.2.3  RNA preparation and Analysis

The microalgal cells were lysed with buffer containing 10 mM Tris-HCI (pH 8.0),
200 mM NacCl, 1% SDS, and 10 mM EDTA. Following the traditional acidic phenol-
chloroform method, 1 ug of extracted mMRNA was used to synthesize cDNA using
reverse transcriptase (Thermo Scientific, Cat. No.: EP0441) with an oligo dT1s (IDT)
primer and dNTPs. Then, 5 ul of cDNA (diluted 1:5) were amplified by SYBR Green
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I master mix (Roche Applied Science, Cat. No.: 04 707 516 001) using 5 pmol of

each specific primer with 50 cycles of 95°C for 20 s, 60°C for 20 s, and 72°C for 20

sona Lightcycler 480 Il System (Roche Applied Science). Relative levels of specific

MRNA to CBLP (Chlamydomonas B subunit-like polypeptide) were represented as

normalized target/reference ratios.

4.2.4  CFD Simulation for the Shear Force Analysis

The CFX module of ANSYS student ver. 18.2, CFD (Computational Fluid Dynamics)

software, was used to simulate and characterize the fluid flows in the baffled flasks.

The simulations were performed as previously reported [146]. Briefly, the gas—liquid

interface was set as the free surface. The two-phase flow using the volume of fluid

(VOF) model and the water turbulence using the RNG k-¢ turbulence model were

applied to simulate the movement of the fluid in orbital rotated flasks. In addition,

to describe the orbital shaken flasks more precisely, not only the gravity but also the

centrifugal force was considered to achieve a more realistic simulation of the fluids

in the baffled flasks. The orbital rotating centrifugal force is calculated as follows:
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Figure 4.1 Vibrational wave curve fit analysis for the measurements of

frequencies and amplitudes of each condition. Z-axial resultant force (G) was

recorded by an accelerometer from 0 to 30 sec. These graphs show the G-force record

data from 14.5 to 15.5 sec.
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Figure 4.2 Schematic representation of the two steps for microalgal stress
priming. the vibration generation system for stress priming (top right) and the
baffled flask shaking incubator for high shear stress (middle). This steps were

compared with the steps from a seed plate (top left) as a control.
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Figure 4.3. Schematic of the orbital movement of the baffled flasks and a section

view showing the side baffles and bottom baffles.

90 o ,«»ﬂ ke Eﬂ E:-E T



Table 4.1 Primer sets used in real-time PCR for the analysis of vibration effects

Gene Forward Primer Reverse Primer

CBLP CTTCTCGCCCATGACCAC CCCACCAGGTTGTTCTTCAG
TRP11 GGCAGGACCGCGACGACTT AGCACCGCCACCATCAGCTC
CAV2 GTCACGCTCGACAAGTTCA TGCACATCCACCCAGTTC
ADF1 GTGGGAGTCCAACCACTACTACC GCCGCTCCAAGAACCTCATG
MSC1 GATCGCTGCCAAGGTGAA CTGCACCAGCATCTCCTG

Smt GATGATCGGGCTCAAGCTGG TTGATGTGCGCCACCTT

DP1 CTGTACCTGCAGGACATGG GAAACAGCTTGGTCTCGCT
MAT3 GAGGTCAACAGCAAGGTGTA AGCATGATCTGGTCGATGTG

ALD AAGGCCAACTCGGACGCTCA GCTGGCGACCAGCAATTTCG
HRP3 AGCGTGAGCGCTGTCATC GCAGCGCTTTCTTGATGTTGGC
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2

Fy=w*r cos wt

2r sin wt

Fy=w
, Where o is the angular velocity (rad/s); r is the radius of the orbital shaker, and t is

the run duration (s). In this work, r was set as 0.010 m. No slip wall boundary

conditions were applied for all boundaries of the domain.

4.2.5  Construction of the GFP-expressing Strain

CC-2653 (nonsense mutation in rbcL) and a P-67 plasmid (p-67 cpDNA EcoRI 14)
were purchased from Chlamydomonas Center. The P-67 plasmid was modified by
inserting the Sacl/Notl restriction enzyme sites between the psaB terminator and
tRNA terminator. Then, the chloroplast codon-optimized GFP gene (customized by
Thermo Fisher) tagged with the HA epitope (human influenza glycoprotein peptide)
with the psbD promoter (the light inducible promoter) and rbcL terminator region
was ligated into the restriction enzyme sites shown in Figure 4.8 (a). As previously
described [51], gene bombardment (BioRad, Biolistic PDS-1000/He Particle
Delivery System) was used to transform the plasmid into the cells. Then, the genomic
DNA of every GFP integrated-transformant was extracted and screened by PCR

using primers for homoplasmy & integration tests (Figure 4.8 (b)). Afterwards, the
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transformants were cultivated in TAP+N medium in a dark condition until reaching
late exponential phase and then diluted into fresh TAP+N medium at a concentration
of 8 x 10° cells/ml. After one day of cultivation, they were incubated in a continuous
light condition for additional 24 h to induce the expression of GFP. Then, 200 pl of
the cell suspensions were transferred to the wells of a flat bottom, 96-well microplate
(Thermo, Cat. N0.:167008) and to a solid black microtiter plate (Corning, Cat.
No.:3915) to measure the cell density and GFP fluorescence intensity, respectively.
The optical density was measured at 750 nm using a microplate spectrophotometer
(BioTek, Epoch). The fluorescence intensities of the GFP were measured at
excitation/emission wavelengths of 488/515 nm by fluorometry (Perkin Elmer, LS-
50B). Specific fluorescence was calculated by normalizing the fluorescence intensity
to the optical density (Figure 4.9 (2)). The higher intensities of the transformants
compared to the control intensity indicated that the cells expressed the GFP protein

[147].

4.2.6  Sampling

After about a 9-day dark cultivation in the baffled flasks, cells just in the stationary

phase were cultivated in an additional one-day cultivation in a light condition (50
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HE). The dark condition drove the cells to grow primarily and the light condition was
necessary to induce the transgenic microalgae to express recombinant protein, GFP-
3HA. Then, the cells were harvested: 25 ml for biomass measurements and 3 ml for

GFP yield measurements.

4.2.6.1 Biomass Measurement

The cells were harvested in glass test tubes with a centrifuge (Eppendorf, Cat.
No.:5810R) at 3,000 rpm for 10 min. Their supernatants were removed, and the

pellets were dried in a 70°C oven for 5 days.

4.2.6.2 Protein preparation and Western Blot Analysis

The cells were suspended in 100 pl of lysis buffer [2 mM Tris-HCI (pH 8.0), 40 mM
NaCl, 0.2% SDS, and 2 mM EDTA]. After adding chelex resin (BioRad, Cat.
No.:C7901), the mixture was vortexed for 20 s and incubated at 95 °C for 10 min.
Afterwards, they were additionally incubated in ice for 5 min. After centrifuging at

14,000 rpm at 4°C for 10 min., the supernatants were quantified by the Bradford



assay. Then, 20 ug of lysates were separated by 12.5% SDS-PAGE gel and analyzed

by western blotting with an anti-HA antibody (Santa Cruz, Cat. No.: sc-7392).

95 "':l"\-_s _'\-\.I.': ok



4.3 Results and Discussion

4.3.1  Microalgal Stress Responses to Mechanical Stimulus with Vibrational

Frequencies

For the G-force measurement, the vibrational frequency was set at 0, 10, 30, and 100
Hz at 0.5 G. C. reinhardtii was exposed to up/down vibration with the different
frequencies for 72 h. Then, the cells were harvested for RNA preparation and cDNA
synthesis. Real-time PCR was used to measure the expression levels of several
mechanoreceptors (TRP11, CAV2, ADF1, and MSC1). The RNA levels of TRP11,
CAV2, and ADF1 in the 10 Hz-treated microalgal cells increased 1.94, 2.23, and
1.87-fold compared to that in the non-treated microalgal cells, respectively, while
the 30 and 100 Hz treatments had almost the same or less RNA levels (Figure 4.4).
It means that 10 Hz could be a significant frequency for inducing mechanical stress
responses.

Because Ca?* is a second messenger for the general CSR, it could be
deduced that the mechanotransduction pathway became activated by the changes in
expression of the mechanoreceptors [77,78]. MSC1, however, was not expressed in
the vibration-treated cells. Considering that MSC1 is known to open for a large

% J‘ _



intensity mechanical stimulus and has a hysteresis for it, the vibrational intensities
used in this study were not enough to activate the MSC1 channel and to respond to
the stimulus [76,144].

Moreover, how high microalgal cells move in the vibration system could

be measured using the equation for sinusoidal motion shown below.

nF _ 2n2F?2 GA

If any two of the four variables are known, the other two can be calculated; D is the
displacement of the cells; V is the velocity of the cell movement; A is the
acceleration of the vibration, and F is the frequency of the vibration. The microalgal
cells moved 2.484, 0.276, and 0.025 mm/peak-to-peak for 10, 30, and 100 Hz,
respectively. About 2 mm seems to be the threshold displacement for cells to

experience stress from the vibrational effect.
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Figure 4.4 Real-time PCR measuring the change in expression of four

mechanosensitive mMRNAs (TRP11, CAV2, ADF1, and MSC1) relative to CBLP

in vibrational conditions with different frequencies (0, 10, and 30 Hz) at a fixed

magnitude (0.5 G). Error bars represent standard deviation (SD) from three

biological replicates.
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4.3.2  Microalgal Stress Responses to Mechanical Stimulus with Vibrational

Magnitudes

Based on the 10 Hz effect on the vibrational mechanical response, different
vibrational magnitudes (0, 0.15, 0.30, and 0.45 G) at 10 Hz were additionally
assessed for their effects on the mechanotransductory mRNA expression in
microalgae. In contrast to the results in Fig. 2a, all the RNA levels were roughly
equal to each other with almost the same expression levels regardless of the
magnitude (Figure 4.5 (a)). In this study, 0.15 G was set as the optimal condition to
make cells respond to up/down vibration because the vibrational pretreatment with
0.15 G uses less energy when stimulating microalgal cells, and this would be more
efficient than that of the other magnitudes.

Cellular response to stress changes chromatin substructures and the
concomitant transcriptional network. These epigenetic changes result in cells
preparing for stress environments. Because the RNA microarray under mechanical
stress confirmed that RNA expression changes were overlapped under abiotic or
biotic stress, it could be deduced that TRP11, CAV2, and ADF1 from the up/down
vibrational stress also use the general downstream CSR and its resultant
physiological phenotypes associated with those stresses. Hence, wide transcriptome
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analysis is needed for a more extensive study on the up/down vibration-induced
mechanotransductory signaling pathway. Thus, the stress priming of cells is

expected to put the cells into a prepared state by increasing other global RNA levels.
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Figure 4.5 Real-time PCR measuring the change in expression of four
mechanosensitive mMRNAs (TRP11, CAV2, ADF1, and MSC1) relative to CBLP
in vibrational conditions with different magnitudes (0, 0.15, 0.30, and 0.45 G)
at a fixed frequency (10 Hz). Error bars represent standard deviation (SD) from

three biological replicates.
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4.3.3  Shear Strain Rate (SSR) and Wall Shear Force (WSF) in Baffled Flasks

Although several studies have reported on the different types of shear stress from
large scale bioreactor operations, the average shear stress in a large-scale bioreactor
is chosen as a key parameter to describe how harsh the bioreactor environment is
[146]. The parameter ranges from 2 to 2 x 10° s, and such a shear force was enough
to damage cells cultivated in such an industrial bioreactor embedding apparatus like
stirring panels, agitators, or a baffled block and to consequently reduce the biomass
yield [148].

The equation T, = r, X /pv(27f)3? is used to calculate the orbital shear
stress (OSS) that adherent animal cells experience. Here, 1, iS the orbital shear stress
at a specific point away from the center of the flask (ro); p is the density of the
medium; v is the viscosity of the medium, and f is the shaking speed of the orbital
rotation [149]. This equation, however, cannot be applied to a three-dimensional
cultivation in a flask because the cells do not stick to the bottom but instead are
suspended in the culture medium which limits its use with baffled flasks to just two-
dimensional animal dishes.

Therefore, there is a need to simulate computational fluid dynamics (CFD)

in a baffled flask to extract values for mechanical forces such as the average shear
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strain rate (aveSSR) or average wall shear force (aveWSF). Figure 4.6 (a) shows the
volumetric fraction of the medium as well as its turbulence stream. It was confirmed
that this simulation could achieve a similar motion to that of the medium over time.
Velocities or stress forces from numerous points would describe how exposed the
cells are; however, the aveWSF and aveSSR in the baffled flasks were evaluated in
3-dimensional motion and were calculated as 0.292 Pa and 184 s after 0.25 s for
one rotation, respectively. These values correspond to the range of the shear forces
found in a large scale operation [148] which are mimicked in the baffled flasks as a
large-scale hydrodynamic mimetic environment (Figure 4.6 (b) and (c)).

In addition, mechanical stimulation receptors were analyzed with real-time
PCR. The mRNA levels of CAV2 and MSC1 were opposite based on the vibration-
treatment with CAV2 and MSC1 showing no change and 3.8-fold in expression,
respectively; however, the TRP11 mRNA expression was also 2.6-fold increased
quite more compared to that in the non-treated cells (Figure 4.7). This means that
TRP11 is cross-activated linking both up/down compression/tension stress and shear
stress; thus, the TRP11 mechanosensitive receptor might be able to induce a cross-

adaptation to other types of mechanical stresses [150].
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Figure 4.6 Simulation of the hydrodynamic shear force field in baffled flasks.
(a) Computational fluid dynamics (CFD) simulation of the medium at a rotational
speed of 245 RPM at 0.95, 1.00, and 1.05 s, (b) average wall shear force (aveWSF)
and (c) average strain shear rate (aveSSR) calculated by CFD with time intervals

(0.01 s) (arrows indicate 0.25 s for one rotation)
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Figure 4.7 Changes in the mMRNA expression levels in baffled flask cultivation.
RT-PCR measuring the change in expression of three mechanosensitive mMRNAS
(TRP11, CAV2, and MSC1) relative to CBLP during cultivation in the baffled flasks.

Error bars represent standard deviation (SD) from three biological replicates.
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4.3.4  Priming Effects on Microalgal Biomass and Corresponding Productivity

To verify whether this vibration pre-treatment could have a positive priming effect
on transgenic microalgae, a strain was developed that constitutively expresses GFP-
3HA in chloroplast (Figure 4.9 (a)), and the cells were either primed or not primed.
They were cultivated by orbital shaking for 10 days (9 days in dark for cell growth
and one day in light for the recombinant GFP-3HA protein expression), for which
the intensity of the shear force was already simulated to be enough to trigger a
microalgal mechanical stress response. The number of microalgae in the shaking
baffled flasks was measured and plotted over time. The vibration-treated primed
microalgae grew faster until the end of the exponential phase (Figure 4.9 (b)).
Microalgae in the primed state weighed 27.38% more than the microalgae in the non-
primed state (Figure 4.9 (c)). Volumetric productivities were relatively quantified by
western blotting using the HA antibody. The GFP protein production was enhanced

by 39.05% in the primed cells compared to that of the non-primed cells (Figure 4.9

(d)).
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Figure 4.8 Vector construction and its integration into plastome. (a) chloroplast
codon-optimized GFP gene integrated into the plastome compared to the plastome
of the parental strain, (b) homoplasmy test to check that all copies of the plastome

were substituted with the GFP-gene construct and integration test for GFP insertion.
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Figure 4.9 Priming effect on the productivity of the transgenic microalgae. (a)
screening the transformants by GFP fluorescence intensity, (b) growth curve of (—)
primed and (+) primed GFP transgenic Chlamydomonas reinhardtii for 10 days, (c)
biomass measurement (Student's t-test, P < 0.05) and (d) GFP volumetric
productivity comparison by western blotting from the (—) primed and (+) primed

cells. Error bars represent standard deviation (SD) from three biological replicates.
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Priming encompasses a lag or memory phase in which the priming event is
separated from the second stress event. Based on studies that showed epigenetic
modulation could be maintained for several generations from the initial state of the
parental strains and stress-responsive metabolites and proteins exist distributed to
each progeny over the generations [151,152], it could be deduced that the up/down
vibration treated microalgal cells that already expressed more TRP11 responded to
and adapted more easily to the harsh shear force field that mimics the conditions of
a large-scale cultivation compared to the non-treated cells. In plant, calmodulin
binding transcription factors (CAMTA) translates Ca®" signals into transcriptional
regulation, where typically master regulator CBF/DREBL1 is expressed to respond to
abiotic stresses. Chlamydomonas would also activate specific pathways similar to
CBF/DREB1-mediated signalling pathways against mechanical stimuli; however,
there have been few studies about Ca?*-signalling pathways in Chlamydomonas.

In terms of cost analysis, power consumption can be estimated with
proportion of mass between seed culture and industrial cultivation: 100-1000 times
less power. When the same frequency and amplitude as in this study are applied to
industrial scale, energy or work required to generate the vibrational force would be
consumed proportionally to the mass of a batch process unit. This is because the
energy that generates vibration is equal to the power that subjects are forced by.
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Therefore, considering that the volume of the large scale is more than tons of batches
and enough amount of primed microalgae should be secured for operation, this
approach can save 100-1000 times power supply compared with traditional methods.
In addition to that, microalgal biomass increase that results from vibration-induced
priming could be also beneficial for environment and profit. Around 25% increase
by priming has a positive effect on reducing the number of the processes to four
batches compared to five batch process without priming. This drop in batch number
can give rise to less wastewater at the end of each operation. Moreover, this makes
more profits by saving electricity usage and operation costs in relation to not only
batch process reduction but also initial cost expenditure for vibration-generating
facility suitable for industrial scale process.

This approach could be applied to numerous large-scale cultivations with
primed cells that experience different stresses other than mechanical stresses. In view
of the cross adaptation, when cells are cultivated at a non-optimal temperature, this
temperature gap also prepares the cells to be in a primed state and is applicable to
the industrial process operations with the harsh hydrodynamic field. Many countries
in addition to Australia and the Western United States have distinct seasons with
large temperature changes which makes maintaining optimal conditions for outdoor
microalgae cultivation difficult. From an engineering perspective, when cells are
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pre-exposed to stressors before a large-scale cultivation, a shorter batch process
could be feasible and advantageous for a larger biomass yield during the same period.

Microalgae can be presented as a better alternative for plants with more
biomass with less time and less need for labour and costs. Especially, the biomass of
edible Nannochloropsis sp. or Chlorella sp. are well-known to consist of up to 70%
macronutrients, but they have not been genetically transformed to increase their
biomass due to their inherent genetic characteristics. When large scale bioreactors
are operated to cultivate primed Nannochloropsis sp. or Chlorella sp., it is expected
that a larger amount of algae-based food would be harvested, and thus, this method
of priming microalgae to increase their biomass could be a potential solution to
meeting the global food demand providing an alternative sustainable protein source

other than plant-based foods.



4.4 Conclusions

When microalgal cells were exposed to up/down vibration at 10 Hz and 0.15 G, they
recognized it as one of the mechanical stressors and were primed with 1.65, 2.46,
and 2.08-fold increase in mechanosensitive TRP11, CAV2, and ADF1 RNA levels.
When these primed cells were cultivated in a triggering environment in which baffles
caused hydrodynamic shear fields similar to the ones in large-scale bioreactors:
0.292 Pa for the average wall shear force (aveWSF) and 184 s™ for the average shear
strain rate (aveSSR), the primed microalgal biomass and volumetric product yield
were increased by 27% and 39% more than non-primed cells, respectively. There is
a need to understand how Ca®*-signaling pathways are cross-talked with vibrational
stress responses and stress priming, but stress priming of microalgae could contribute
to better bio-productivity through a more efficient operation that requires less energy

and costs in industrial applications.

112



Chapter S

Chloroplastic Malate Synthase Expression for
Microalgal Growth by Upregulating TCA cycle
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5.1 Introduction

For photosynthetic organisms, among other cellular organelles, the chloroplast is a
significant organelle not only for various anabolic metabolisms but also for energy
conversion. High photon energy excites electrons to be available as reduced
ferredoxin and NADPH, and the photon gradient during electron transport generates
ATP. These reducing energy carriers are primarily for not only fixing CO> via the
Calvin cycle but also for converting their cellular energy into net biomass or for
proliferation [153,154].

Communication between organelles is vital for the survival of
photosynthetic organisms, preventing the chloroplasts from being over-reduced by
high intensity of light. Typical interactions between the chloroplast and the
mitochondria are carried out by the transfer of reducing equivalents as well as
metabolites, affecting gene expression and the production and utilization of ATP.
During the communication, however, the energy carriers are not directly transported
across the chloroplastic envelope or other organelle membranes, but transported in
the form of metabolites. This is because their pool sizes are limited and have to be
intricately regulated to be delivered to other compartments at the required rates.

Their indirect transport from the chloroplast can be achieved by malate-
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oxaloacetate(OAA) shuttles for NADPH as well as the dihydroxyacetone 3—
phosphate (DHAP)/3—phosphoglycerate (3—PGA) shuttle for ATP [9,10].

The malate/OAA shuttle helps to regulate the NADPH/NADP' in
chloroplast or the NADH/NAD" ratio in mitochondria and to control the availability
of the reducing equivalents with ATP synthesis, where malate is used as an indirect
hydrogen carrier replacing NADPH or NADH [9,10]. Exported malate, as an
ubiquitous substrate for several types of malate-dehydrogenase (MDH) enzymes,
malic enzyme (MME) or pyruvate dehydrogenase complex (PDH) spanning
organelles is exploited in a variety of ways: i) it can serve as a source for NADH in
the cytosol, i7) can be metabolized in the mitochondria for ATP production, iii) can
be used as a carrier for CO; in the chloroplast, and iv) can be consumed in the
alternative pathway of respiration without ATP generation [10] like in microbodies
containing the glyoxylate shunt cycle [153,155].

The decreasing activity of mitochondrial malate dehydrogenase (mMDH)
was reported in Tomato enhanced photosynthetic performance and plant growth. The
CO; assimilation rates and total plant dry weight were about 11% and 19% improved
in the transgenics compared with the wild-type [156]. Genetic manipulation targeting
a specific malate dehydrogenase, however, could rather lead to other phenotypes

dependent on the growth phase or organ and probably have a deteriorated capacity
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to control redox balancing. It was also likely that low malate contents in leaves meant
that accumulated malate in leaves has a significant role as a reducing equivalent
valve to transport its energy potential to other organs like fruits and stems on a whole
plant basis.

Considering the fact that malate is a multipurpose metabolite in energy
production and that integration of transgenes to microalgae chloroplast enables a
high level of expression by many gene copy numbers without gene silencing [5],
distribution of more malate produced in the chloroplast to energy or macromolecule-
producing organelles such as the mitochondria could be a more effective way for
achieving a higher biomass yield, helping more malate to be utilized in each specific
metabolic pathway. In this study, the glcB gene encoding malate synthase derived
from E.coli was integrated into the plastome of Chlamydomonas reinhardtii, a model
microalgae, and changes in the primary metabolism-related RNA levels and
metabolites were analyzed. It was confirmed that malate could be involved in the

increase of the microalgal biomass production.
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5.2 Materials and Methods

5.2.1  Construction of the Expression Vectors for the Transformations

5.2.1.1 Recombinant Plasmid for E.coli Transformation

Malate Synthase G encoding glcB gene from Escherichia coli str. K-12 substr.
MG1655 (NCBI Reference Sequence: NC_000913.3) with the HA epitope (human
influenza glycoprotein peptide) was codon-optimized synthesized based on the
Chlamydomonas chloroplast codon usage (customized by Thermo Fisher). The
Cr.glcB-HA gene was amplified with EcoRI and Notl sites flanking both sides and
ligated into the pET-22b(+) vector. The recombinant malate synthase G was tagged
with 6x His as well as HA for double conformation and easy purification with Ni-

NTA resin (Thermo, Cat.No.:88221) (Figure 5.1).

5.2.1.2 Recombinant Plasmid for Chlamydomonas Chloroplast Transformation

CC-2653 (a point-nonsense mutation in rbcL) and a P-67 plasmid (p-67 cpDNA

EcoRI 14) were obtained from the Chlamydomonas Center. As described in [53],
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several nucleotides between the psaB terminator and the tRNA G genes of the P-67
plasmid were modified by inserting Sacl/Notl restriction enzyme sites, which was a
negative control. The Cr.glcB-HA gene flanked with the constitutive psbD promoter
[50] and rbcL terminator was ligated into the restriction enzyme sites shown in

Figure 5.2.
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Figure 5.1 Schematic of recombinant plasmid for E.coli transformation.
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Figure 5.2 Schematic of recombinant plasmid for Chlamydomonas
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5.2.2  Protein Purification

BL21(DES3) transformed with pET-22b(+)-Cr.glcB-HA-His6 was second inoculated
into 250 ml LB containing 500 pg of ampicillin. When the culture reached an ODeoo
of 0.4 , it was treated with 1 mM IPTG to induce the expression of malate synthase
and cultivated for another 24 h at 16 °C with a final ODgoo Of 1.2 . The cells were
harvested and stored in a -80 °C deep freezer. All steps for the purification were
performed with 700 ul of Ni-NTA resin (Thermo) following the manufacturer’s
instructions. Briefly, the cells were resuspended in 25 ml of PBS containing PIC
(2:1000) and lysed by sonication (on/off cycle of 5/15 sec for 30 min). The lysate
was loaded into a column packed with Ni-NTA resin already equilibrated with
equilibration buffer. Wash buffer at two times the volume of the resin was poured
into the column to wash out non-specific proteins, and then, the column was eluted
with 200 ul of PBS containing 250 mM imidazole (pH 7.4) followed by dialysis with
10 mM K-phosphate buffer (pH 8.0) and 10% glycerol. The purified protein was
resolved on a 7.5% SDS-PAGE gel and confirmed by Coomassie Brilliant Blue
staining and Western Blotting using the HA antibody (Santa Cruz, Cat. No.: sc-7392)

and His6 antibody (Abcam, Cat.No.: ab137839) (Figure 5.3).
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Figure 5.3 Purification of the recombinant malate synthase tagged with the HA

epitope and 6xHistidine. A) expression test with 1.0, 0.5, and 0.1 mM IPTG and

solubility test for the malate synthase, B) recombinant malate synthase was prepared

from the E2 to E4 elution after Immobilized Metal Affinity Chromatography

(IMAC), C) respective quantity of the

purified malate synthase was checked by

Coomassie Blue Brilliant (CBB) staining and D) Western Blotting (WB).
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5.2.3  invitro Malate Synthase Activity Test

The manufacturer’s instructions (Sigma Aldrich) were followed for the enzymatic
assay of malate synthase. Thus, 90 ul of a mixture of 50 mM K-phosphate buffer (pH
8.0), 10 mM MgCI2, 0.25 mM acetyl-CoA, 1 mM glyoxylate, and 0.2 mM 5,5-
dithio-bis(2-nitrobenzoic acid) was stabilized in a 96-well plate (Corning® UV-
Transparent Microplates, Cat.No.: CLS3635S) for 40 min and then measured at 412
nm using a microplate spectrophotometer (BioTek, Epoch). Just after the addition of
0.8 ug of the purified recombinant malate synthase, the amount of TNB was
kinetically measured for 60 sec by the absorbance at 412 nm, where the free thiol
groups of CoA-SH released react with the DTNB and TNB as a product can absorb

the 412 nm wavelength light.

5.2.4 Particle Bombardment

Gene bombardment (BioRad, Biolistic PDS-1000/He Particle Delivery System) was
used to transform the plasmid into cells- 1,100 psi rupture disks were used to shot
gold particles coated with the recombinant plasmids linearized with the restriction
enzyme Sall to 6 cm below the HS agar plate where the CC-2653 cells were spread
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[51,53]. About two weeks later, transformants were inoculated into 96-well plates

filled with TAP+N medium for screening.
5.2.5  PCR for Screening Transformants

Following the experimental procedure for colony PCR suitable for Chlamydomonas
reinhardtii, the genomic DNA of every candidate was screened by PCR using
primers for the homoplasmy test and the integration test to check whether all copies
of the plastome were complemented with the rescuing rbcL gene and inserted with

the Cr.glcB gene in the specific proper position, respectively (Fig. 5.5 and Fig 5.6).
5.2.6  Southern Blot

The purified genomic DNA of the transgenic Chlamydomonas reinhardtii
(20 ng) was digested with EcoRI and Sacl, separated in a 0.8% agarose gel, and
capillary force-transferred to a Hybond™-N+ membrane (Amersham, Dayton, TN,
USA). Using as a probe the Cr.glcB gene fragment amplified by specific primers,

southern blotting was performed by following the manufacturer’s instructions
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(Amersham Gene Images AlkPhos Direct Labelling and Detection System, Cat.No.:

RPN3680).

5.2.7  Chloroplastic Malate Synthase Expression Test

Transformants were cultivated in TAP+N medium in dark condition until reaching
late exponential phase, and then, they were inoculated into fresh TAP+N medium at
a concentration of 5 x 10° cells/ml. After one day of cultivation, some cells were
exposed to and some cells were not exposed to light for additional 24 h and 48 h to

induce the expression of chloroplastic malate synthase.

5.2.8  Transgenic Microalgae Cultivation and Measurement of Cell Number and

Biomass

After the initial inoculation of the cells into TAP+N medium in dark condition, they
were inoculated into fresh TAP+N medium with 0.25 mM glyoxylate (pH 7.0) in a
continuous light condition (60 PE), for which the initial cell number was 5 x 10*

cells/ml. A hemocytometer was used to count the cells at each time point. 10 ml of
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microalgal suspension was centrifugated in a glass test tube and dried in a 65 °C oven

for about 4-5 days.
5.2.9  RNA Preparation and Analysis

Relative mRNA changes were determined as described [53]. Briefly, the traditional
PCI method was used to extract the mRNA, and then, 1 ug of mRNA was used for
cDNA synthesis using reverse transcriptase (Thermo Scientific, Cat. No.: EP0441)
with an oligo dT1s (IDT) primer and dNTPs. Then, 5 pl of cDNA (diluted 1:5) were
amplified by the SYBR Green | master mix (Roche Applied Science, Cat. No.: 04
707 516 001) using 5 pmol of each specific primer (45 cycles of 95 °C for 20 s, 60 °C
for 20 s, and 72 °C for 8 s on a Lightcycler 480 11 System (Roche Applied Science)).
Relative mRNA levels to CBLP (Chlamydomonas [ subunit-like polypeptide) were

represented as normalized target/reference ratios.

5.2.10 PAM (Pulse-Amplitude-Modifier) Measurement

Fv/Fm measures the intrinsic quantum yield of PSII, and as such, it should correlate

with the maximum quantum yield of photosynthetic gas exchange (CO; or O2). Thus,
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3 x 107 cells were filtered carefully using a manual filtration system and placed on a
1.5% agar plate. After a 15 min. dark adaptation of the cells, the parameter was

measured.
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5.3 Results and Discussion

5.3.1  invitro Recombinant Malate Synthase Activity

Prior to the Chlamydomonas transformation, the chloroplast codon optimized malate
synthase with 3xHA epitopes and 6xHis was overexpressed in E.coli enabling a
rapid in vitro enzymatic activity assay for the malate synthase. This Cr.glcB gene
encoding an ~87 kDa malate synthase was transferred to the bacterial expression
vector pET22(b) downstream of the pelB leader peptide using EcoRI and Notl
restriction sites. Purified engineered malate synthase was tested for its activity, and
BSA was used as the control. The recombinant engineered malate synthase exhibited
the same activity as the wild type malate synthase condensing glyoxylate with acetyl
CoA to produce malate while the BSA exhibited no activity. This confirmed that
tagging with the HA epitopes as well as 6xHis did not affect the activity of this

recombinant engineered malate synthase (Figure 5.4).
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Figure 5.4 in vitro recombinant malate synthase, BSA as a negative control.
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5.3.2  Analysis of Chloroplast Transgenic Microalgae Expressing Malate

Synthase

86 putative transformants were first tested by genomic PCR analysis to check
whether all copies of the chloroplast genome were transformed and that homologous
recombination had worked. A specific pair of primers, one binding to the psaB
terminator and the other to the rbcL terminator, was used to test the homoplasmy of
the chloroplastic genome. Generation of a 413 bp product indicates that not all the
chloroplast DNA copies were transformed with the Cr.glcB gene construct; wild-type
copies of the CC2653 parental strain would generate only an amplicon of 413 bp,
but the recombinant plasmid containing the Cr.glcB gene construct would only
generate an amplicon of 303 bp. 10 of the 86 transgenic lines showed one a single
product size of 303 bp which indicates the homoplasmy of their chloroplast DNA;
however, the others generated both 413 and 303 bp products or just the 413 bp band
(Figure 5.5). The integration PCR test was additionally carried out to further check
that the Cr.glcB transgene was also integrated into the plastome. Comparing the band
pattern derived from the DNA of the CC2653 parental strain, half of the putative
transformants screened had the proper amplicon size of 499 bp (Figure 5.6).

Because there is a chance of false positive in the transformants, and
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unknown regulatory mechanisms could interfere with the chloroplastic expression

of the transgene, the transgene protein accumulation of 5 putative transformants was

verified by western blot analysis. Using a HA epitope specific monoclonal antibody,

recombinant malate synthase with a molecular weight of 84 kDa was detected only

in the B-69 line, but the others had no malate synthase derived from E.coli. When

the B-69 line initially adapted to a dark condition was inoculated and cultivated for

24 h and 48 h in either a continuous light condition or a dark condition, it maintained

the expression of the recombinant malate synthase for that period. The lower level

of expression in the first 24 h in continuous light could be due to the cellular

adaptation to light; thus, it might take more time to express the protein (Figure 5.7).

Gene expression in plastids is regulated at both the transcriptional and post-

transcriptional levels. Protein levels in chloroplasts depend on the mRNA abundance,

which is determined by the promoter strength and mRNA stability. However, high

mRNA levels do not necessarily result in high levels of protein accumulation because

posttranscriptional processes ultimately determine the levels of foreign proteins

within transgenic chloroplasts [157].

Even though two PCR tests and an expression test of the chloroplastic

recombinant malate synthase were performed to screen for the transgenic cell line,

rigorous molecular and biochemical analysis should be done for the homoplasmic
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transformant B-69. This is because non-integrated copies might recover other copies
transformed with malate synthase with serial inoculations. Southern blot analysis
was used to make sure that the whole transgene expression cassette was integrated
into the plastome of B-69. The wild-type strain CC-2653 and just a restriction
enzyme site-integrated but rbcL rescued cell line R-10 were also included in this
analysis as controls. Genomic DNA was digested with EcoRI and Sacl. One probe
was used to target the middle domain of rbcL, and the resultant DNA fragments
should be 5,995, 2,887, and 5,905 bp, respectively. As shown in Fig 5.8, it was
observed that the probe hybridized to each proper fragment, indicating that all the
copies of the chloroplast genome of B-69 were integrated with the malate synthase

in the targeted position (Figure 5.8).
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Figure 5.7 Chloroplastic transgene expression test from five putative candidates.
After their expression were checked (A), cultivation condition could affect the

expression of malate synthase in chloroplast via Western Blotting analysis (B).
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5.3.3  Malate Synthase Changes the Parameters of Microalgal Growth

After dark adaptation, each cell line, R-10 and B-69, was cultivated in a continuous
light condition, and the number of cells at each time point was counted until reaching
their stationary phase. the B-69 mutant was confirmed to express the recombinant
malate synthase at the early-, mid-, and late exponential phases (36, 60, 84 h,
respectively). Proliferation of the transgenic B-69 line appeared to be almost the
same as the R-10 control (Figure 5.9). Meanwhile, the dry cell weight of the B-69
line was 19% more, and the individual microalgae of the transgenic cell line weighed
12% more than that of the wild-type cell line, R-10 (Figure 5.10). As microalgal
growth at 60 h after cultivation was highest in both cell lines, cells at this phase were

prepared for further RNA analysis.
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Figure 5.9 Growth curve of wild-type (R-10) and transgenic C. reinhardtii (B-

69) line and its expression of malate synthase.
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Figure 5.10 Growth parameters of WT (R-10) and transgenic C. reinhardtii (B-

69). (A) dry cell weight (mg/ml), and (B) individual cell weight (ng/10* cells).
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5.3.4  Malate-related Transcripts Changes Under Glyoxylate Treatment

To understand which factors contribute to the increase in the microalgal biomass,
RNA transcripts that are relevant to malate were first analyzed.

In the chloroplast, malate can be utilized in two different ways: NADP'-
dependent malate dehydrogenase (MDHI1) that reversely converts malate into
oxaloacetate with the release of NADPH and malic enzyme (MME4) that produces
pyruvate releasing one NADPH and one CO,. It was demonstrated that the MDH1
transcript was increased by 7%, but the expression of the MME4 transcript in the B-
69 line was 10% less than that of R-10, although the difference between the values
was very small. The maximum intrinsic quantum yield of PSII (F,/F.,) in B-69 was
slightly lower (Figure 5.11), but both cell lines at exponential phase exhibited active
photosynthesis.

The RNA levels of the TCA cycle enzymes were measured to check
whether this malate import could have an upregulating impact on the energy
producing TCA cycle. Although not all the transcripts of the TCA cycle related
enzymes were analyzed, the MDH4 level was increased by 18% (Figure 5.11).

While transcripts of malate dehydrogenases in microbodies containing

glyoxylate cycle were shown not to significantly change, isocitrate lyase transcript,
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ICL1, and malate synthase transcript, MASI, were upregulated by 25% and 19%,
respectively. These two enzymes are crucial key enzymes of the glyoxylate cycle to

metabolize acetate for producing energy.
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5.3.5  Acetate-related Transcripts Changes Under Glyoxylate Treatment

It was shown in glyoxylate-treated B-69 that the transcript levels of ACS2 in the
chloroplast and ACS3 in the mitochondria were additionally upregulated by 18% and
42%, respectively. Acetate fed as nutrient was converted into acetyl-CoA in
chloroplast as a substrate for recombinant malate synthase and even in mitochondria
as a precursor for metabolizing TCA cycle or acetate assimilation.

Meanwhile, transcript level of ACS1 of glyoxylate cycle was not changed.
Chlamydomonas is also reported to possess microbodies that contain the components
of the glyoxylate cycle [153,155], enabling growth on acetate as a sole carbon source.
In addition to that, the glyoxylate cycle has a role in the anabolic pathway, centering
on the conversion of acetyl-CoA to succinate for the synthesis of carbohydrates. The
glyoxylate non-treated R-10 was confirmed to grow on acetate as a sole carbon
source with all primary transcripts upregulated (data not shown), where NADH and
succinate were supposed to be involved in TCA cycle. Especially, ACS1 was
expressed 1.95-fold more. Glyoxylate treated B-69, however, showed almost the
same level of ACS! transcript with glyoxylate treated R-10. Taken together, this

means that glyoxylate as well as acetate was also used as another carbon source and
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that glyoxylate cycle had less capacity to utilize acetyl-CoA from acetate (Figure
5.11).

Glyoxylate treated B-69, however, meaningfully upregulated isocitrate
lyase, producing succinate that enters the TCA cycle. It could be expected that
succinate is metabolized for further metabolism. To demonstrate which pathways
were activated in detail, transcriptome analysis should be carried out comparing B-

69 with R-10 under glyoxylate treatment.
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54 Conclusions

Transgenic Chlamydomonas reinhardtii expressing malate synthase showed an
increase of 19% in microalgal biomass compared to cells without malate synthase.
Malate produced in chloroplast likely entered the mitochondria by the malate/OAA
shuttle and upregulated MDH4 (malate dehydrogenase) transcript. In addition, the
transgenic microalgae with malate synthase under glyoxylate treatment was
demonstrated to increase as well as drive acetate feeding into TCA cycle rather than
into glyoxylate cycle, compared to wild type. Both the increased exportation of
malate into the mitochondria and the increased acetate utilization in the TCA cycle
seemed to contribute to TCA energy production, which is closely related with the

increase in microalgal biomass.
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Chapter 6

Overall Conclusion
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In this dissertation, in order to enhance microalgal biomass through overcoming
limitations in industrial cultivation, several strategies, including stable low
concentration of nutrient feeding, stress priming, and metabolic engineering, were
represented to increase microalgal biomass productivity, especially for
Chlamydomonas reinhardtii. It is expected that this study will provide a feasible
approaches for operating industrial scale bioprocess.

In the first part, a continuous cultivation process that provides stable flow
of low concentration nutrient medium was developed. The cells in the system
produced TAG and also proliferate although being supplied with only slightly higher
than an absolutely deplete one (particularly 7.5% of NH4*/ 7.5% of PO,*). This can
suggest that a continuous, stable flow of a low concentration of nutrient can not only
starve cells but also boost them to proliferate at a minimum growth rate, enhancing
total TAG yield per batch.

In the second part, stress priming induced by vibration with low amplitude
and low frequency was applied. When microalgal cells were pre-treated by up/down
vibration (10 Hz and 0.15 G), they responded to it as one of the mechanical stressors
and get to be in a primed state with about 2-fold increase in mechanosensitive RNA
transcript, TRP11, CAV2, and ADF1. When they were cultivated in a environment
with hydrodynamic shear fields similar in large-scale bioreactors, the microalgal
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biomass and volumetric yield of bioproduct were increased by 27% and 39% more
than non-primed cells, respectively. Through a more efficient operation by less
energy and costs, stress priming effect can contribute to better bio-productivity in
industrial applications.

In the third part, transgenic microalgae of which chloroplast genome was
integrated with malate synthase was developed. Malate synthase expression of
transgenic Chlamydomonas contributed to increase microalgal biomass by 19%
more, comparing to wild-type cells. Chloroplastic malate entered mitochondria by
malate/OAA shuttle and upregulated MDH4 transcript. Moreover, glyoxylate
treatment was demonstrated that the transgenic cell more drove acetate from nutrient
medium into TCA cycle than into glyoxylate cycle. Both more malate export to
mitochondria and its consumption in TCA cycle were supposed to lead to TCA

energy production.
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